Fundamental vibrations in Ge/Si structures with strained and relaxed Ge quantum dots (QDs) grown by molecular beam epitaxy were investigated using resonant Raman spectroscopy. Transmission electron microscopy experiments show that the strained Ge QDs are typical "hut clusters" with base size of 15nm and a height of 2nm. A two mode distribution in size (100-200nm and 3-6nm) is found for relaxed QDs. The Raman efficiencies of the Ge optical phonons as a function of excitation energy reveal maxima at 2.35-2.41eV attributed to the E 0 resonance in Ge QDs due to electronic confinement. The frequency positions of optical phonons localized in Ge "hut clusters" under non-resonant conditions correspond to fully strained Ge QDs while the frequency position of optical phonons in relaxed Ge QDs corresponds to the value in bulk Ge. With increasing excitation energy (2.5-2.7eV) the position of the Ge optical phonons shifts downwards due to size-confinement effect of optical phonons in strained and relaxed Ge QDs, indicating the presence of a QD size distribution in Ge dot structures.
INTRODUCTION
Physical properties of semiconductor quantum dots (QDs) have recently attract much attention. The three-dimensional confinement of charge carriers and consequently the atomic-like electronic spectrum of such structures drastically influences the electronic and optical properties, which are much different from those of bulk solid materials [1] [2] [3] . Many exciting experiments have been performed in the field of e.g. luminescence and nonlinear optics revealing this novel state of matter with improved properties for potential applications in nanoelectronic and optoelectronic devices such as light-emitting diodes, photovoltaic cells and single-electron transistors [4] . From the point of view of potential device application Ge/Si and Ge/SiO 2 nanostructures are attractive candidates due to the high compatibility and possible integration with well-developed silicon technology. Despite a number of techniques known to fabricate QD structures a breakthrough has occurred through the employment of self-assembled growth using molecular beam epitaxy (MBE), chemical beam epitaxy (CBE), and metal-organic chemical vapor deposition (MOCVD) of a number of lattice mismatched semiconductors. This approach is based on the StranskiKrastanov growth mode in which deposition of a material having a large lattice mismatch with respect to the substrate under certain conditions leads to spontaneous formation of high density arrays with strained coherent (dislocation-free) islands of nanometer size that exhibit excellent optical properties [5] [6] [7] . Recently the self-organising growth was also applied to form small relaxed QDs. For the Ge/Si system the introduction of an intermediate silicon oxide layer of nanometer thickness before Ge deposition is used to form relaxed Ge QDs with sizes less than 7nm [8] . A number of papers is devoted to investigation of Ge related nanostructures by Raman spectroscopy. Optical phonons are found to be a sensitive probe for study structure, built-in strain, atomic intermixing in Ge QDs [9] [10] [11] [12] .
In this paper we report on a study of self-organised nanostructures with strained and relaxed Ge QDs using resonant Raman scattering.
EXPERIMENTAL DETAILS
Structures with Ge QDs were grown by molecular beam epitaxy (MBE) of Ge and Si layers on (001)-oriented Si substrates.
Ge/Si structures with strained Ge QDs were fabricated utilizing the Stranski-Krastanov growth mode. The growth temperature of the silicon layers was 800 and 500ºC before and after Ge deposition, respectively. The Ge quantum dot layers were grown at 300ºC. Control of thickness and structure of the growing film was performed by recording intensity oscillations of reflection high electron energy diffraction (RHEED) from the film surface. The set of samples under investigation consists of Ge and Si layers with nominal thicknesses d Ge = 1.4 nm and d Si = 37 nm. The period of repetition of the Ge and Si layer pair was 10. As it was shown previously the atomic intermixing for such a thickness is negligible [11] .
Structures with relaxed Ge QDs were grown on an oxide layer formed on the substrates with a 50 nm buffer silicon layer grown at a substrate temperature of 600°C. The oxide layer was formed for 5 min at 500°C at an oxygen pressure of 2⋅10 -4 Pa in the chamber. According to Ref. [8] the Si (100) surface is oxidised under these conditions. Two samples with different nominal thickness (1 and 2 nm) of Ge QD layer were fabricated. In order to protect the island surface against oxidation in air the wafer was covered by a 10 nm layer of amorphous silicon.
The Raman scattering experiments were performed in ( ) ) were used. The scattered light was analyzed in backscattering geometry using a Dilor XY triple monochromator equipped with a CCD camera for multichannel detection. The monochromator slits were set to a spectral resolution of 1.5 cm -1 .
DISCUSSION
Structural parameters of Ge quantum dots were obtained from cross-sectional high resolution transmission electron microscopy (HRTEM) images shown in Fig.1 . Ge/Si QDs are typical "hut" clusters with the dot base size of strained of approximately 15 nm with a QD height of about 1.5-2 nm. The density of the dots was estimated to be 3x10 11 cm -2 . The dot uniformity is about 20%. Ge QDs grown on a SiO 2 layer have hemi-spherical shape with a base size of 4-6 nm and a height 
10
7 cm -2 was also established from transmission electron microscopy experiments (not shown in the figure).
Raman spectra of relaxed and strained Ge dot structures are shown in Fig.2 . The strong peak in the spectrum of the structures with relaxed QDs observed at 297 cm -1 corresponds to Ge optical phonons confined in the QDs (longitudinal and transverse optical (LO and TO) phonons are degenerated at the center of the Brullouin zone). Ge/Si structures reveal a peak at 315 cm -1 which is attributed to longitudinal optical (LO) phonons in the pseudomorphic Ge QDs [13] . Features near 400 and 520 cm -1 in the spectra are attributed to Ge-Si vibrational modes [9] and the Si phonon predominantly stemming from the substrate, respectively.
It was already discussed [14] that the bare (001)-oriented Si also exhibits a maximum at about 300 cm -1 in the Raman spectrum due to second-order scattering by 2TA phonons originating from the X or (and) the Σ points of the Brillouin zone in Si and can lead to misinterpretation of the Raman spectra of the nanostructures with relaxed Ge QDs. From other side, interpretation of the Raman spectra of the structures with strained Ge QDs requires the influence of both confinement and strain on Ge phonon line to be distinguished. Phonon confinement causes a downward shift of the Ge optical phonon frequency with respect to its bulk value while strain in Ge QDs is responsible for an upward shift. One possible way to differentiate between contributions from Ge QDs and the Si substrate and to determine an influence of strain and confinement on Ge phonons is to perform resonant Raman scattering experiments. using relaxed Ge QDs. Thus, the low frequency shift of optical phonons vs excitation energy is entirely determined by confinement in the QDs. Fig.4 shows the Raman efficiencies and the frequency positions of the LO Ge phonon as a function of excitation energy derived from Fig.3 . The values presented in Fig.4 were normalised to those of the Si phonon feature observed in the same Raman spectra. The observed dependence of Raman intensity of Ge phonon scattering and the frequency positions on excitation energy allows to make unambiguous assignment of the Ge peak. The frequency positions of optical phonons localized in Ge "hut clusters" under non-resonant conditions correspond to fully strained Ge QDs while the frequency position of optical phonons in relaxed Ge QDs corresponds to the value in bulk Ge. The position of the optical phonons localised in Ge QDs shifts towards lower frequency with increasing excitation energy (from 2.5 to 2.7 eV). This shift amounts to 4-5 cm -1 (about 10 cm -1 ) for the structures with strained (relaxed) QDs and indicates the presence of a QD size distribution in the Ge dot nanostructures.
Raman efficiency of the nanostructures reveals the broad resonance peak near 2.2-2.4eV. The large broadening of the resonant peak (0.4 eV) can be explained by contributions of several resonances. The maximum of the Raman efficiency for relaxed QDs at 2.35 eV (1nm of nominal Ge coverage) is attributed to the E 0 transition in Ge QDs. The energy of the E 0 resonance in Ge bulk amounts to 0.9 eV while in Ge QDs it reaches a value of about 2.5 eV due to electronic confinement [17] . With a larger nominal thickness of the Ge QD layer (2 nm) the position of the maximum shifts towards higher energy (2.42 eV) indicating formation of QDs with a smaller size. The shoulder located at about 2.2 eV is likely due to the E 1 transition in relaxed Ge QDs.
In strained Ge quantum dots the maximum of Raman efficiency is very close to the resonance at 2.34 eV observed in Ref. [9] and assigned to the E 1 transition. Due to the biaxial compressive strain the energy of the E 1 transition is increased by 0. 16 low energy part (2.0-2.2 eV) the E 0 resonance in the wetting layer can contribute to the resonance profile [16] while the E 0 resonance in Ge QDs is responsible for the peak broadening at higher energy (2.4-2.6 eV).
The Raman intensity for small-sized QDs, in which electronic states lie at higher energies, increases when the excitation line approaches the E 0 energy. The frequency position of the optical phonon in relaxed (strained) Ge QDs under non-resonant conditions amounts to 300 cm -1 (315 cm -1 ) at 1.83 eV and corresponds to the value of relaxed Ge bulk (pseudomorphic Ge). Since Ge QD in the structures under investigation are distributed in size, it is most probable that the large Ge islands for which the confinement effect is negligible contribute effectively to the Raman scattering. With increasing excitation energy (above 2.3 eV) the smaller QDs are more involved in the scattering process. Size-selective Raman scattering by optical phonons in Ge QDs leads to a decrease of the phonon frequency position with increasing excitation energy. This shift in relaxed Ge QDs exceeds the corresponding value in strained Ge QD superlattices due to the significantly smaller size of the relaxed QDs.
The frequency positions of optical phonons confined in Ge QDs allow the QD size to be determined. The Ge optical phonons reflect elastically at the Ge/Si interface of two faces of pyramidal Ge/Si QDs and a dot base creating a resonator [17] . Using dispersion relation of LO phonons in bulk Ge a wavevector corresponding to the observed optical phonons confined in the resonator is found to be q=(0.25 0.05)/a ± . The first mode confined in QD should satisfy the following equation: 2 h cos = /q α π ⋅ ⋅ , where h and α are the dot height and the angle between the dot base and pyramid faces. The QD height obtained from this relation amounts to ( 0.9 0.2 ± ) nm. Thus, the smallest QDs which are involved to Raman scattering process have a height of 0.7 nm and a lateral size of 9nm.
An average size of relaxed QDs contributing to Raman scattering at particular excitation energy was estimated supposing the QDs have a spherical shape. The phenomenological model [18] was used to calculate the Raman spectra and determine the QD size from the best fitting of theoretical spectra to experimental ones. The Ge QDs with an average size of 7.5; 5.4;3;2.2 and 2 nm are predominantly contribute to the Raman spectra measured at an excitation energy of 2.18; 2.41; 2.47; 2.54; 2.63 and 2.66 eV, respectively.
CONCLUSIONS
MBE growth of strained Ge/Si QD structures and relaxed Ge QDs on a silicon oxide layer of a nanometer thickness has been demonstrated. Size and shape of Ge QDs in size was derived from transmission electron microscopy experiments and Raman data. Resonant size-selective Raman scattering allows to make unambiguous assignment of optical phonons localized in the relaxed Ge QDs. Influence of confinement effect and strain in the QDs on the vibrational spectrum of Ge QD structures can be studied using resonant Raman scattering.
